Highlights d Cryo-EM shows human cytoplasmic dynein-1 in its autoinhibited, phi-particle form d Phi-particle disruption in vitro and in cells reveals its role in dynein regulation d There is a transition from phi-particle to open-dynein: both forms are inhibited
INTRODUCTION
Cytoplasmic dynein-1 (dynein) associates with dynactin to form an efficient microtubule motor that transports cargo to the minus end of microtubules and organizes the internal components of eukaryotic cells. Disruption of this 2.4-megadalton machine disperses the Golgi network (Burkhardt et al., 1997) , blocks transport between organelles (Presley et al., 1997) , and leaves viruses stuck at the cell periphery (Dö hner et al., 2002) . In addition, dynein and dynactin are required during cell division for spindle formation and correct chromosome alignment (Echeverri et al., 1996) . Dynein must therefore be carefully regulated to ensure the correct timing and location of motor activation.
In cells, most dynein is diffuse in the cytoplasm, with only a small fraction on microtubules . This prevents dynein from inappropriately saturating microtubules or traveling unnecessarily and ensures there is a pool of dynein ready to transport cargos when required. The switch of dynein and dynactin from diffuse to actively transporting cargo is controlled at many levels. It can be driven both in vitro (Mallik et al., 2005) and in vivo (Rai et al., 2013) by clustering motors and influenced by targeting dynein/dynactin to specific posttranslationally modified microtubules (McKenney et al., 2016; Nirschl et al., 2016) or the microtubule plus ends (Duellberg et al., 2014; Moughamian et al., 2013) . The switch is also controlled at the level of the dynein/dynactin machinery itself. Whereas isolated human dynein is weakly processive in vitro (Trokter et al., 2012) , it can be activated to move over long distances (>500 nm) by binding to dynactin and a cargo-specific adaptor protein such as BICD2 (McKenney et al., 2014; Schlager et al., 2014) or Hook3 (McKenney et al., 2014; Olenick et al., 2016; Schroeder and Vale, 2016) . This binding stimulates processive movement by increasing the run length, velocity (McKenney et al., 2014; Schlager et al., 2014) , and force output (Belyy et al., 2016) of individual motors.
Dynein consists of two motor domains that are responsible for ATP hydrolysis and force production and a tail region that holds them together. It is unclear why dynein is only weakly processive on its own and how it is activated by dynactin and cargo adaptors. There is some evidence that dynein processivity is directly inhibited by the C-terminal $300 amino acids of the motor domain (Nicholas et al., 2015) . Another theory is that inhibition is due to the tail region folding back to contact the motor domains until cargo binds (Belyy et al., 2016; Markus et al., 2009 ). A similar inhibition mechanism is used by cytoskeletal motors in the kinesin (Kaan et al., 2011) and myosin families (Hammer and Sellers, 2011) . Alternatively, it has been proposed that dynein is auto-inhibited by self-dimerization of its motor domains (Torisawa et al., 2014) . This form of dynein is referred to as the phi-particle because of its resemblance to the Greek letter phi (4) (Amos, 1989) . Activation was suggested to result from a shift in the equilibrium of dynein conformations toward an open form in which the motor domains are separated. In support of this, forced separation of isolated dynein motor domains can increase motor activity (Torisawa et al., 2014) . However, these studies were performed on artificially dimerized dynein motors lacking the tail region. It is therefore not clear whether the tail contributes to inhibition or what role the phi-particle plays in the context of the whole dynein complex.
In this study, we set out to determine whether the phi-particle contributes to dynein auto-inhibition and how dynein is activated by dynactin. We use cryoelectron microscopy (cryo-EM) to determine the structure of the phi-particle. We show how the motor domains self-dimerize and are locked in a conformation with weak affinity for microtubules. Disrupting the motor dimer by structure-based mutagenesis drives dynein into an open form with increased affinity for microtubules and dynactin. Surprisingly, we discover that the open form of dynein is also inhibited. We use a combination of 2D analysis of EM images and a 3D cryo-EM structure of the whole dynein/dynactin machinery to explain how dynactin overcomes this inhibition and directly reorients the motor domains to make dynein processive. Finally, we show that disrupting the phi-particle in cells causes mis-localization and mitotic defects, supporting a physiological role for the phi-particle in dynein regulation.
RESULTS

Structure Determination of the Human Dynein-1 Phi-Particle
To understand the role of the phi-particle in dynein auto-inhibition, we solved the structure of full-length human cytoplasmic dynein-1 by cryo-EM ( Figure 1A) . In initial negative stain EM images, we observed dynein in a mixture of forms; the phi-particle (phi-dynein) and an open form where the motors are separated (open-dynein) ( Figure S1A ). We used exclusively freshly purified protein produced in insect cells for structure determination. Under these conditions, the proportion of phi-dynein is greater than 85%.
To determine the structure, we collected 714,571 raw dynein particles in vitrified ice (Figure S1B ; Table S1 ). Initial 2D classification revealed the dynein tail was highly flexible relative to the motor domain dimer ( Figure S1C ). Sub-classification allowed us to visualize the flexibility of the tail ( Figure S1D ; Movie S1) and to solve a 15 Å resolution structure of the whole phi-particle (Figure 1A) . We locally masked either the tail or the motor domain and processed these independently to obtain higher resolution Figure 1 . Cryo-EM 3D Reconstruction of Full-Length Human Dynein-1 (A) Overview of the dynein-1 phi-particle. Surface rendering of dynein-1, unsharpened and low-pass filtered to 15 Å (transparent gray) containing the 8.4 Å structure of the tail (cyan, sharpened map) and 3.8 Å structure of the self-dimerized motor domains (purple, sharpened map). (B) Representative electron density of a helices in tail and side chains in the motor domains. Cartoon colored as in (A) . See also Figure S1 , Table S1 , and Movies S1 and S2. information ( Figures S1E and S1F ). The main tail class was refined to an 8.4 Å reconstruction (Figures S1G and S1H) that contains clearly defined secondary structure features (Figure 1B) . The map of the motor domain dimer reached 3.8 Å resolution (Figures S1G and S1H), allowing us to build a full atomic model ( Figure 1B ; Table S1 ). We fit the separate motor domain and tail densities into our 15 Å map of full-length dynein to reveal the architecture of the entire complex ( Figure 1A ; Movie S2).
The Architecture of the Highly Flexible Tail Domain
The dynein tail is an essential part of the dynein/dynactin transport machine, linking the two motor domains to dynactin and cargo adaptors. Our complete 3D structure of the tail (Figures 2A and S2A) agrees well with the overall architecture proposed in previous 2D negative stain EM (Chowdhury et al., 2015) . It is formed of two copies of the dynein heavy chain (HC) each containing a 200-amino-acid N-terminal dimerization domain (NDD) followed by nine a-helical bundles (Figures 2B and S2B) . Each dynein HC binds to a dynein intermediate chain (IC) and light intermediate chain (LIC) . We fit a homology model of the IC C-terminal WD40 domain into density (Figure S2C ) that contacts the HC bundles 4 and 5 (Figure 2B) . We also docked a homology model of the human LIC into our map ( Figure S2D ). The LIC binds to the HC bundles 6 and 7 ( Figure 2B ) using a series of conserved hydrophobic residues near its N terminus, in agreement with previous predictions (Schroeder et al., 2014) ( Figure S2E ).
The dynein tail also contains dimers of three light chains (LCs: Robl/LC7, Tctex, LC8), which bind the extended N terminus of the IC. We see a three-layered density adjacent to the IC WD40 domains, which fits the Robl dimer ( Figure S3A ) (Song et al., 2005) . This density lies on one side of the dynein tail (Figure 2A) . On this same face, we see additional density docked to the neck region of HC A (Figure 2A ). We tentatively assign this to the structure of LC8 and Tctex dimers (Williams et al., 2007) on account of weak density linking it to Robl. This curved linkage is $20 nm long, consistent with the length of the N-terminal IC polypeptide known to connect Robl and LC8 ( Figure S3B ). Previous negative stain EM studies on open-dynein show the LCs trailing away from the tail (Chowdhury et al., 2015) . Therefore, the LC8/Tctex interaction with the HC may be specific to phi-dynein.
The HCs in the phi-particle tail are held together at three main sites. The first contact site is the NDD, which lies between helical bundles 1 and 2 ( Figure 2B ). This part of the tail is dynamic and adopts multiple conformations. Extensive sub-classification revealed a ''twisted'' form that is dominant, a less populated ''parallel'' state (Figures 2C and S3C; Movie S3) , and a variety of intermediate states. Of these, the parallel state is most similar to the conformation of this region when bound to dynactin . Interestingly, the transition from twisted to parallel correlates with small shifts in the relative position of the ICs and larger changes in the position of the LCs: Robl rotates through 25 ( Figure S3D ), and the LC8/Tctex density moves away from the HC neck ( Figure S3E ). This suggests that conformational changes in the very N terminus of the HCs can be transmitted over long distances in the tail. The second contact site results from Robl binding to the IC extended N terminus and holding the IC WD40 domains together. Robl is much closer to IC A ( Figures 2D and S3D ), suggesting it is constrained by con-nections to the IC WD40 domains. The binding of Robl to both IC N termini is likely to be responsible for orienting the ICs, which are related to each other by a 135 rotation about the long axis of the tail ( Figure 2D ). The third HC contact site, which has not been described previously, is close to the LICs and involves a direct interaction between HC helical bundles 7 and 8 (Figures 2E and S3F; Movie S4) . In a previous negative stain EM study of open-dynein (Chowdhury et al., 2015) , the first and second contact sites were identified but the distance between the LICs suggests that the third contact site was not present. This suggests that the LIC-proximal contact site acts to stabilize motor-domain self-dimerization in phi-dynein.
Self-Dimerization Holds the Dynein Motors in a Weak
Microtubule Binding State A dynein motor domain consists of a linker that is a continuation of the HC neck, a ring of six AAA + domains, and a coiled-coil stalk that binds to microtubules at its tip. In the phi-dynein (A) . Helical bundles 1-9 and accessory chain binding sites are shown with the IC N terminus (IC-N) in cartoon of HC A (right). (C) Unsharpened maps of the tail, low-pass filtered to 15 Å , in either its twisted (dark purple) or parallel (light green) form show the NDD sitting between helical bundles 1 and 2. (D) Robl binds the N-terminal extended region of IC A and IC B holding the ICs at a 135 rotation relative to each other. Robl is closer to IC A than IC B. (E) Contact site between HC helix bundles 7 and 8. HC A, HC B, and LIC A (green) are shown in the 8.7-Å electron density map (transparent gray). See also Figures S2 and S3 and Movies S1, S3, and S4. structure, the linkers of the two motor domains contact each other in the center of the dimer ( Figure 3A ). The C-terminal domain (CTD) of the motor, which was previously hypothesized to be part of the dimerization interface (Torisawa et al., 2014) , is on the outside of the motor dimer ( Figure 3A ). In the phi-particle, the stalks are diametrically opposed to the linker N termini ( Figure 3A ) and therefore also the tail ( Figure 1A) . The conformation of the motor domain in phi-dynein is similar to the crystal structure of a related dynein (cytoplasmic dynein-2) trapped in the presence of the ATP hydrolysis transition state analog, ADP.vanadate (ADP.Vi) (Schmidt et al., 2015) ( Figure 3B ). The ADP.Vi structure represents the conformation of dynein just before it binds to microtubules and undergoes a powerstroke.
The microtubule affinity of dynein is controlled by a sliding of the helices in the stalk coiled coil (Schmidt et al., 2015) . Similar to the ADP.Vi structure, our motor domains have their stalks in a low-affinity conformation. In both structures, the stalk helix CC2 forms a bulge near to where it binds to the buttress (Figure 3B) . This is in contrast to the crystal structure of dynein-1 in the high-affinity, ADP-bound state (Kon et al., 2012) where the stalk helices form a straight coiled coil ( Figure S4A ). Previous work proposed that the weak affinity of phi-dynein for microtubules is caused by crossing of the stalks, which prevents (A) The dimeric motor domains in the phi-particle from the side (left) and top (right), showing the linker (purple), ring of six AAA + domains (colored as in cartoon), stalk (yellow), buttress (orange), and C-terminal domain (CTD, in gray). MTBD, microtubule binding domain. (B) The motor domains from the phi-particle and the crystal structure of cytoplasmic dynein-2 bound to ADP.vanadate (ADP.Vi, PDB: 4RH7). Coiled-coil helices 1 and 2 (CC1 and CC2) control microtubule affinity. Both motors display a bent linker and stalks that have low microtubule affinity due to the bulge in CC2. (C) AAA1 nucleotide binding sites are similar in ADP.Vi-bound dynein-2 and the ADP-bound dynein-1 phi-particle. The main catalytic residues are labeled: WB, Walker B; SI, Sensor-1; RF, Arginine finger. See also Figure S4 . the two microtubule binding domains (MTBDs) from binding simultaneously (Torisawa et al., 2014) . Here, we show dimerization has a more fundamental effect on microtubule affinity by locking the motors into a weak affinity state.
The AAA1 nucleotide binding site is the main site of ATP hydrolysis in dynein. In the ADP.Vi structure it is closed around the nucleotide with many of its key catalytic residues clustered around the vanadate group, which occupies the position of the ATP g-phosphate ( Figure 3C ). Our structure was solved in the presence of ATP, but the density suggests only an ADP is bound in AAA1 ( Figures S4B and S4C ). Surprisingly, the AAA1 site in phi-dynein is tightly closed, similar to the ADP.Vi structure ( Figure 3C ). It is different from the more open conformation expected for dynein with ADP in AAA1 (Kon et al., 2012) . The fact that the active site is closed in the presence of ADP suggests the weak affinity of the motor domains in the phi-particle is stabilized by dimerization rather than by the nucleotide state of AAA1.
Disrupting Motor Self-Dimerization Increases the Affinity of Dynein for Microtubules and Dynactin
To understand how the phi-particle affects the affinity of dynein for microtubules, we asked whether disrupting motor selfdimerization would alter binding. The self-dimerization interface consists mainly of charged residues that cluster at four sites ( Figures S4D and S4E ). The two linker domains interact through salt bridges between residues E1518 and K1526. The linker contacts AAA4 on the opposing motor through the positively charged linker residues R1567, R1603, and K1610 and the negatively charged AAA4 residues D3045 and E3049. The AAA5 domains interact through an electrostatic network involving residues R3628, R3659, E3624, and D3670. Finally, the stalks interact at their crossover point via hydrophobic residues Y3451 and I3455.
To disrupt this interface, we made charge reversal mutations at the linker-AAA4 interaction (K1610E and R1567E) in full-length recombinant dynein ( Figure S5A ). These mutations do not impair motor velocity in an in vitro microtubule gliding assay (Figure S5B ), so we verified their effect on dimerization using negative stain EM and 2D classification ( Figure 4A ). In wild-type dynein (wtDyn), we observed 22% (±1% SEM) of molecules in the open form and 75% (±4% SEM) in the phi-particle ( Figure 4B ). The remainder of the particles were difficult to assign to either class ( Figure S5C ). The phi-particle frequency was independent of added nucleotide ( Figure S5D ). In interface-mutated dynein (mtDyn), the proportion of open-dynein was 80% (±3% SEM), and no phi-dynein classes were observed ( Figure 4B ). This suggests that our mutagenesis successfully disrupts the self-dimerization interface and significantly increases the proportion of open-dynein.
To determine the effect of increasing the proportion of opendynein, we tested the affinity of wtDyn and mtDyn for microtu-bules. We analyzed the binding of fluorescently labeled dynein to microtubules in a single-molecule total internal reflection fluorescence (TIRF) assay. We observed a 3-fold higher microtubule binding rate for mtDyn than for wtDyn ( Figure 4C ), which suggests that increasing the proportion of open-dynein increases microtubule association. This is consistent with our structural evidence that phi-dynein motors are locked in a weak affinity state ( Figure 3B ). The duration of binding events (dwell time) was not significantly different between mtDyn and wtDyn (Figures 4D and S5E) showing interface mutations do not affect the release of dynein from microtubules. We used the binding and dwell time data to estimate K d values, which are 16.4 mM (±4.6 SEM) for wtDyn and 5.22 mM (±2.0 SEM) for mtDyn.
We investigated whether shifting from phi-to open-dynein also influences dynactin and cargo adaptor binding. We incubated the same concentrations of mtDyn or wtDyn with dynactin and an N-terminal fragment of the cargo adaptor BICD2 (BICD2N) and determined the amount of dynein/dynactin/ BICD2N (DDB) complex formed by size exclusion chromatography (Schlager et al., 2014) . The DDB peak is significantly higher (A) Representative 2D class averages of negative stain EM images of wild-type dynein (wtDyn) and dynein with interface mutations K1610E and R1567E (mtDyn) . wtDyn predominantly adopts the phi-particle form, whereas mtDyn classes are in the open form. (B) Quantification of proportion of phi-and opendynein in wtDyn and mtDyn. The phi-particle is disrupted in mtDyn. Mean ± SEM is shown. (C) The microtubule association rate of mtDyn is significantly higher than wtDyn. Mean number of events per micrometer microtubule per nM dynein per second is shown ± SEM. ****p < 0.0001 in an unpaired, two-tailed t test. n = 42 microtubules (wtDyn), n = 29 microtubules (mtDyn), three independent experiments. (D) The average length of time spent bound to microtubules (dwell time) for isolated wtDyn and mtDyn is not significantly different. Average dwell was calculated for two-phase exponential decay fits of six repeats for each condition (±SEM). n.s. in an unpaired, two-tailed t test, n = 6. (E) Size exclusion chromatography shows that the mtDyn forms greater amounts of Dynein/Dynactin/ BICD2N (DDB) complex than wtDyn. The elution volume of each component and the void volume (V 0 ) is indicated. (F) Kymographs of TMR labeled wtDyn or mtDyn mixed with dynactin and BICD2N to form wtDDB or mtDDB show that both complexes can move processively, over long distances on microtubules. (G) mtDDB shows twice the number of processive events that wtDDB. Mean number of processive events (±SEM) are shown per micrometer microtubule per pM dynein. ****p < 0.0001 in an unpaired, two-tailed t test when n = 31 microtubules (wtDDB and mtDDB). (H) Kymographs show that neither wtDyn or mtDyn move processively on microtubules in the absence of dynactin and BICD2N. This suggests both phi-and open-dynein are auto-inhibited. See also Figure S5 .
for mtDyn than wtDyn (Figures 4E and S5F) , which suggests open-dynein has increased binding to dynactin and BICD2N. Control experiments show that mtDyn has an identical elution profile to wtDyn and that in both cases interaction with dynactin occurs only in the presence of BICD2N ( Figures S5G and S5H ).
Disrupting the Phi-Particle Reveals an Additional Level of Dynein Auto-inhibition Previous work proposed that disrupting phi-dynein would activate the ability of isolated dynein to undergo long-distance movement (Torisawa et al., 2014) . To test this hypothesis, we used a TIRF-based motility assay to determine the ability of fluorescently labeled single wtDyn and mtDyn motors to move along microtubules. In the presence of dynactin and BICD2N, both wtDyn and mtDyn showed long movements along microtubules ( Figure 4F ). This demonstrates that mtDyn is capable of long-range, processive movement when activated. Quantification showed that mtDyn had double the number of processive DDB complexes compared to wtDyn ( Figure 4G ), consistent with its higher affinity for dynactin and microtubules described above. Surprisingly, in contrast to the original hypothesis, mtDyn was not able to move over long distances in the absence of dynactin and BICD2N. Instead, it displayed diffusive or static movements similar to that observed for wtDyn ( Figure 4H ). This suggests that, in addition to inhibition by phi-particle formation, isolated open-dyneins are also inhibited from performing longrange movement.
Dynactin Binding to the Dynein Tail Induces Significant Changes in Motor Orientation
To understand how open-dynein is inhibited and why dynactin/ BICD2N binding activates long-distance movement, we examined the structural differences between the open and DDBbound forms of dynein. We collected negative stain data of isolated wtDyn or mtDyn and performed extensive 2D sub-classification of their spontaneously open populations. We also obtained 2D class averages of cryo-EM images of the DDB complex after computational subtraction of the dynactin density. The dominant views in these raw 2D classes suggest that the motor domains point toward each other in open-dynein but point in the same direction in DDB-bound dynein (Movies S5 and S6). To resolve these orientations, we performed local classification and refinement of each motor domain in the raw 2D classes (Figure S6A ). These were combined to generate composite 2D images in a similar way as previously described for open-dynein (Chowdhury et al., 2015) and allowed us to assign the stalk orientation in each class ( Figure 5A ).
Quantification showed that, in open wtDyn, 52% (±2% SEM) of particles have stalks that point toward each other (inverted), whereas only 15% (±1% SEM) have stalks that are pointing in the same direction (parallel) ( Figures 5A and 5B ). The stalk orientation in the remaining particles is ambiguous ( Figure S6A ). Similar ratios are observed for open mtDyn ( Figure 5B ). In contrast, the stalk orientation in DDB-bound dynein is only 4% (±2% SEM) inverted, while 47% (±2% SEM) are parallel ( Figures  5A and 5B ). In addition to changing the orientation of the motor domains, dynactin binding also appears to constrain them. The distance between motor domains in open-dynein ranges from 10 to 45 nm, whereas in the DDB complex the distance is more tightly clustered between 15 and 25 nm ( Figure 5C ). Therefore, dynactin binding appears to shift the equilibrium of dynein conformations such that the motor domains have reduced flexibility and are more parallel. This matches the orientation observed when dynein is bound to microtubules (Chowdhury et al., 2015; Imai et al., 2015) , suggesting dynactin pre-aligns both motor domains for microtubule binding.
We wanted to understand how dynactin binding to the tail influences the orientation of the HC and consequently the motor domains. We therefore determined an 8.7 Å 3D structure of the full DDB complex and a 12.4 Å structure of the locally masked dynein tail when bound to dynactin and BICD2N ( Figures S6B-S6D ). This shows that the full-length dynein binds to the dynactin filament and BICD2N in a similar way to the isolated dynein tail ( Figure S6E ) . The DDB structure, however, contains additional density corresponding to more of the HC between the IC and the neck region ( Figure 5D ). We fit HC helical bundles, ICs, LICs, and Robl into the DDB density using both 8.7 Å and 12.4 Å maps ( Figure S6E ).
We then compared the structure of the tail in the phi-particle to that in the DDB complex as these structures represent the start and end point of the dynein activation process. The major change between the phi-particle and DDB structures is a large twist of the whole HC B along its long axis, relative to HC A (Movie S7). The ICs and LICs are tightly bound to the HCs and so move in a concerted fashion with them. We quantified the changes in the HC orientations by measuring the relative rotation between individual helical bundles in HC A and HC B in both phi-dynein and the DDB structure ( Figure 5E ). The rotation about the long axis of the tail ranges from 100 to 180 in phi-dynein, and so the HCs are related by symmetry of between 2-and 3-fold. In contrast, the rotation between helical bundles in the DDB structure ranges from 20 to 60 . Therefore, the HCs and their associated ICs and LICs are closer to parallel in the DDB (Movie S7). Taken together with our 2D EM data (Figures 5A and 5B) , this suggests that dynactin binding stabilizes a parallel orientation of the tail that directly leads to a parallel orientation of the motor domains.
Mutation of the Self-Dimerization Interface Affects Dynein Localization and Causes Mitotic Defects in Cells
The data above show that activation of dynein movement in vitro involves a transition from phi to open-dynein followed by cargo adaptor/dynactin binding. We next sought to understand whether phi-dynein plays a role in dynein's regulation in the cell. We made bacterial artificial chromosome (BAC) transgenes to express either N-terminally GFP-tagged wild-type dynein HC (GFP-wtDyn) or double-mutant dynein HC carrying the phidisrupting mutations R1567E and K1610E (GFP-mtDyn). We generated clonal HeLa cell lines stably expressing GFP-wtDyn (DHC WT ) or GFP-mtDyn (DHC MT-A and DHC MT-B ). Western blots with anti-GFP antibody (Figure 6A, top) show that the transgenes in DHC WT and DHC MT-B are expressed at similar levels. The dynein transgenes are expressed at similar or lower levels to endogenous dynein HC in all clonal cell lines (Figure 6A, bottom) .
We initially characterized the DHC WT and DHC MT-B cell lines because of their similar expression levels. Both immunofluorescence staining (Figures 6B and 6C ) and live-cell imaging (Figures 6D and 6E) of interphase cells showed that GFP-mtDyn accumulates more at the centrosomes than GFP-wtDyn. The difference in accumulation is abolished upon depolymerization of microtubules with nocodazole and returns following washout ( Figures  6B-6E ). These data suggest the phi-particle is involved in regulating microtubule-dependent localization of dynein to centrosomes in cells.
We also found that GFP-mtDyn accumulates more than GFP-wtDyn at the spindle poles of mitotic cells ( Figures 6F and 6G ). This effect is seen in both DHC MT-B and DHC MT-A , suggesting the difference is not dependent on GFP-mtDyn expression level or isolated to one cell line. Immunostaining showed a concomitant enrichment of dynactin with GFP-mtDyn, suggesting that they accumulate as part of a dynein/dynactin complex ( Figures  6F and 6H ). This altered localization of GFP-mtDyn was accom-panied by defects in mitotic spindle assembly ( Figures 6I and 6J ). Spindle morphology in DHC WT cells was indistinguishable from control HeLa cells ( Figure 6J ). In contrast, both DHC MT-A and DHC MT-B cells displayed over 5-fold more mono-polar spindles, in which centrosomes are not separated ( Figures 6I and 6J ). This suggests that the phi-particle plays an important role in regulating dynein during mitosis.
DISCUSSION
In the presence of cargo adaptors, dynein and dynactin assemble to form a transport machine that moves long distances along microtubules (McKenney et al., 2014; Schlager et al., 2014) . Our work explains why dynein moves poorly in the absence of dynactin. We show that isolated dynein exists in In DDB they are parallel. Positions of the NDDs (red), ICs (dark blue), and LICs (green) are indicated in each cartoon. (B) Quantification of the proportion of dynein particles with their motor domains inverted, parallel, or in an ambiguous orientation after focused classification. Mean ± SEM is shown. (C) The distribution of distances between motor domains is greater in open-dynein than DDB. Bin size, 2.5 nm. (D) 8.7 Å cryo-EM structure of DDB. Each component is labeled. The dynein motor domains are too flexible to be resolved. (E) Relative rotation between individual helical bundles in each HC in the phi-particle and DDB. Rotation is measured around the long axis of the tail. The HCs of dynein in DDB lie more parallel than in the phi-particle. See also Figure S6 and Movies S5 and S7. (legend continued on next page) two forms called phi-and open-dynein and that both are autoinhibited ( Figure 4H ). We propose that the transition between them is an important part of dynein regulation ( Figure 7A ).
Figure 6. Phi-Particle Disruption Changes Dynein Localization and Causes Mitotic Defects in HeLa Cells
In phi-dynein, the motor domains are held together by interactions between their linker, AAA4, AAA5, and stalk domains (Figure 3A) and a contact between HCs in the tail (Figure 2E ). The motor domains are locked with low affinity for microtubules ( Figures 3B and 4C ). Phi-dynein is also inhibited from binding dynactin ( Figure 4E ) because motor self-dimerization prevents it from undergoing the large conformational changes required (Movie S7; Figure 5E ).
In contrast to phi-dynein, the motor domains in open-dynein are separate and quite flexible. However, we discovered opendyneins can be in two major conformations ( Figure 7A) : an inverted form in which motor domains point toward each other and a parallel form in which they point in the same direction (Figure 5B) . We suggest that open-dynein is weakly processive because the inverted form predominates ( Figure 5B ) and cannot move on microtubules. In our model ( Figure 7B ), the preference for the inverted form means that when open-dynein tries to take a step, the free motor domain is unlikely to be in the correct orientation for microtubule binding. It therefore cannot re-bind before release of the other motor domain from the microtubule. The tail is likely to determine open-dynein's preference for the inverted form. This explains why artificially dimerized motor domains, which lack the tail, can be activated by forced separation (Torisawa et al., 2014) .
Our work also shows how dynactin and BICD2N can activate dynein by driving the dynein motors into a parallel form (Figure 7A) . It was previously observed that the motor domains are parallel on microtubules (Chowdhury et al., 2015) . Here, we demonstrate that dynactin binding intrinsically pre-aligns dynein into a microtubule-binding ready conformation ( Figure 5B ). Dynactin also constrains the range of movement of the individual motor domains ( Figure 5C ). In our model ( Figure 7C ), the reduced range of separation and parallel orientation minimizes the search requirement of a stepping motor domain, making it more likely to re-bind before release of DDB from microtubules. The comparison of our DDB and the phi-particle cryo-EM structures shows that dynactin binding induces a rigid body twist of the HCs (Figure 5E ; Movie S7). The change in motor orientation is thus driven directly by conformational changes in the dynein tail. Mutations in the dynein tail are associated with neurological diseases in both mice and humans (Schiavo et al., 2013) and are proposed to act via long-range, allosteric effects (Ori-McKenney et al., 2010) . We speculate this is due to mutations interfering with the ability of dynactin to induce large rigid body rearrangements in the dynein tail.
The mechanism of dynein activation by dynactin described above may be conserved. In the case of Saccharomyces cerevisiae dynein-1, isolated motors can move long distances on their own (Reck-Peterson et al., 2006 ), suggesting they are not autoinhibited in the same way as mammalian dynein. However, dynactin increases the processivity of S. cerevisiae dynein by 2.5-fold (Kardon et al., 2009 ) and so may still promote motor domain re-orientation for full activation. In contrast, cytoplasmic dynein-2, which is involved in intra-flagellar transport, does not require dynactin for long-distance movement and so its activation is different from dynein-1. However, very recent work shows the dynein-2 motor domains self-dimerize in a phi-particle-like conformation, suggesting a common mechanism of auto-inhibition (Toropova et al., 2017) .
Whereas this study focuses on how dynein HCs bind to the dynactin filament and BICD2N, other dynein subunits can also interact with dynactin and cargo adaptors. It will be interesting to understand the inter-play between these other contacts and the activation process described above. The IC N terminus binds to the CC1B coiled coil in dynactin's p150 Glued subunit (Siglin et al., 2013; Tripathy et al., 2014) , and antibodies against the IC N terminus inhibit dynein function in cells (Burkhardt et al., 1997) . In vitro, a CC1B fragment stimulates the processivity of calf brain dynein attached to beads (Tripathy et al., 2014) . An intriguing possibility is that the p150 Glued /IC interaction provides a first step toward dynein activation before dynactin binds. In another example, the LIC C terminus binds the globular domain of the cargo adaptor Hook3 (Olenick et al., 2016; Schroeder and Vale, 2016) . This interaction is required to form a processive dynein/dynactin/Hook3 complex. The LIC C terminus is disordered in our structure, but, given that the LICs are bound close to the phi-specific HC contact site, binding of the Hook3 dimer to both LIC C termini might break the tail contact site. The interaction of LIC and Hook3 may therefore facilitate the formation of open-dynein and thus an active dynein/dynactin complex. (C) Quantification of GFP intensity around individual centrosomes in cells from (B) . DHC MT-B show GFP (Dynein) enrichment compared to DHC WT . The difference is abolished by nocodazole treatment and recovers after drug washout. ***p < 0.001, **p < 0.01 in a Kruskal-Wallis test followed by paired Wilcoxon tests. n > 86 per condition, three independent experiments. (D) Still images from movies of DHC WT and DHC MT-B cells synchronized in G2 and treated with nocodazole (3.3 mM) for 30 min before washout. Time (t) is relative to start of the washout. Scale bar, 10 mm. (E) Quantification of the GFP intensity at microtubule-dependent foci in cells from (D) show that accumulation is greater and faster in DHC MT-B . n = 10 cells per condition, Mean ± SD shown. Our current model is that dynein activation involves the transition from phi-to open-dynein. A key question is how important this transition is for proper dynein regulation. Our mutagenesis data show that disrupting the phi-particle increases dynein's affinity for microtubules ( Figure 4C ) and dynactin ( Figure 4E) as well as the number of processive DDB complexes ( Figure 4G ). This provides evidence that the phi-particle exists in solution and contributes to the pathway of dynein activation in vitro. Mutagenesis also suggests that the phi-particle plays a role in dynein regulation in cells. Stable, clonal cell lines expressing GFP-dynein HC with mutations at the phi interface show increased localization of dynein at centrosomes and spindle poles, where microtubule minus-ends are concentrated (Figure 6C and 6G ). Mitotic spindle formation was often compromised in these cells, resulting in monopolar spindles in which spindle poles had not separated ( Figure 6J ). As dynein is required for inward forces on centrosomes that counteract spindle pole separation (van Heesbeen et al., 2014) , this phenotype is consistent with phi-particle disruption causing mis-regulation of dynein activity. Taken together, our data support a physiological role for the phi-particle as part of the dynein activation pathway.
Intriguingly, we have also found that five mutations linked to human neuropathies lie at the phi interface. These mutations were identified in patients with malformation of cortical development (MCD) and/or spinal muscular atrophy with lower extremity predominance (SMA-LED) (Hertecant et al., 2016; Strickland et al., 2015) . Mutations E1518K, R1567Q, and R1603T are in residues directly involved in electrostatic interactions at the phi interface ( Figure S4E ). Mutations G3658E and E3048K are directly adjacent to interacting residues ( Figure S4E ). Although other effects are possible (Hoang et al., 2017) , the clustering of these mutations at the phi interface suggests they act by destabilizing the phi-particle and disrupting normal dynein regulation.
Dynein is the only cytoskeletal motor to require a large co-factor for its activity. Dynactin was discovered due to its ability to increase dynein movement (Schroer and Sheetz, 1991) . Our structures explain why human dynein moves poorly on its own and demonstrates that dynactin can directly and allosterically activate its long-range movement.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: During stepping the free motor domain is slow to rebind due to its preferred inverted orientation and large range of movement. Dissociation of dynein from the microtubule is likely. (C) In DDB, the dynein motor domains prefer a parallel orientation and are relatively constrained. DDB therefore moves processively because rebinding of a stepping motor is more likely than dissociation of the whole complex. 
STAR+METHODS KEY RESOURCES
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for reagents should be directed to and will be fulfilled by the Lead Contact, Andrew P. Carter (cartera@mrc-lmb.cam.ac.uk).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Sf9 (Spodoptera frugiperda) cells were maintained in suspension culture in Insect-XPRESS media (Lonza) at 124rpm, 27 C. HeLa Kyoto and derivative cell lines were maintained at 37 C and 5% CO 2 in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% FBS (GIBCO), 2mM L-Glutamine (PAN Biotech), Penicillin 100 U/ml and Streptomycin 0.1 mg/ml (PAN Biotech). For transgenic lines harboring G418 resistance, 300 mg/ml G418 was added to the culture medium.
METHOD DETAILS
Cloning and plasmid production Mutations were made in the pDyn1 plasmid (Schlager et al., 2014) which contains the codon optimized sequence of DYNC1H1 with an N-terminal SNAPf-His-ZZ-2xTevCleavage tag in the pACEBac1 vector. Two point mutations (E1518K and R1567K) were made by primer-based site-directed mutagenesis. Forward and reverse primers containing the mutation and flanking 15 base pairs were designed for each site and two PCR reactions were set up. The first amplified the region between the two mutation sites to form an insert and the second amplified the rest of the plasmid backbone. Phusion polymerase (New England Biolabs) was used according to manufacturer's guidelines. Gibson assembly was used to seamlessly fuse the insert and backbone, which each contain the mutated nucleotides in their overlapping, 15bp overhangs. Whole plasmid sequencing, performed by the CCIB DNA Core Facility at Massachusetts General Hospital (Cambridge, MA), confirmed that only the desired mutations were present. The mutated pDyn1 was subsequently fused to pDyn2 (containing all accessory chains) (Schlager et al., 2014) using an in vitro cre reaction (New England Biolabs) to form the mutated pDyn3. The presence of all 6 dynein genes was verified by PCR, using Quickload Taq 2x master mix (New England Biolabs) according to manufacturer's guidelines.
Insect cell expression of dynein and BICD2N
Full-length dynein (wild-type or mutant) was expressed in Sf9 cells using the multiBAC system as previously described (Schlager et al., 2014) . pDyn3 was transformed into EmBacY cells (Multibac) by heat shock, and successful integrants were identified in a blue/white selection screen. Single, white colonies were inoculated into 2xTY media supplemented with 7 mg/ml gentamycin, 10 mg/ml tetracycline and 50 mg/ml kanamycin and grown overnight at 37 C. For bacmid preparation, bacteria were pelleted at 4000 rcf for 5 min and resuspended in 0.3 mL QIAGEN miniprep buffer P1, followed by 0.3mL P2 buffer. After 5 min incubation, 0.4 mL P3 buffer was added and incubated on ice for 6 min. After 10 min centrifugation at 20000 rcf, the supernatant was added to 0.8 mL ice cold isopropanol and incubated for 1hr on ice. Bacmid DNA was pelleted for 10min at 13000 rcf. The pellet was washed three times in 0.75 mL 70% ethanol before being air-dried for 1 min and resuspended in EB buffer to a concentration of 1 mg/ml.
Fresh bacmid DNA was transfected into 2 mL Sf9 cells at 0.5x10 6 cells/ml using FuGene HD (Promega) according to manufacturer's protocol. Three days later, 1ml of the transfected culture was used for P2 infection of a 50 mL culture of Sf9 cells (at 1x10 6 cells/ml). After three days, the P2 virus was harvested by centrifugation of the cells at 4000 rcf for 15 min and collection of the supernatant. P2 virus was stored at 4 C in the dark until required. Protein expression was induced by addition of 5 mL of P2 virus per 500 mL of Sf9 cells (at 1-2x10 6 cells/ml). 2-3L of cells were infected at a time. After three days, cells were harvested by centrifugation at 4000 rcf for 10 min at 4 C. The pellet was resuspended in ice-cold PBS and pelleted again. The supernatant was discarded and pellet flash frozen in liquid nitrogen before being stored at À80 C.
Residues 1-400 of mouse BICD2 with GFP (GFP-BICD2N) or SNAPf (SNAPf-BICD2N) N-terminal tags were also expressed in Sf9 cells. Their plasmid production is described in (Schlager et al., 2014) .
Purification of full length dynein or BICD2N
For recombinant protein purification, frozen pellets from 500 mL insect cell culture were thawed on ice in 50 mL lysis buffer (50 mM HEPES pH 7.4, 100 mM NaCl, 10% (v/v) glycerol, 1 mM DTT, 0.1 mM ATP, 2 mM PMSF) with 1 protease inhibitor tablet added per 50ml (Complete-EDTA Free Protease Inhibitor tablet, Roche Applied Science). Cells were lysed in a 40 mL dounce-type tissue grinder (Wheaton) using 15-25 strokes. The lysate was cleared by ultracentrifugation (503000 rcf, 45 min, 4 C, Type 70 Ti Rotor, Beckman Coulter) and incubated with 1.5-3 mL IgG Sepharose 6 Fast Flow beads (GE Healthcare), pre-equilibrated in lysis buffer, for 1-4 hr on a roller. After incubation, the beads were applied to a gravity flow column and washed with 150 mL lysis buffer. If fluorescent labeling of the SNAPf tag was required, SNAP-Cell TMR-Star (New England Biolabs) was suspended to 1 mM in 100% DMSO (Sigma-Aldrich), added to the dynein coated beads to a final concentration of 10 mM and incubated on a roller for 1-2 hr before continuing the purification. Dynein coated beads were washed in 200 mL TEV buffer (50 mM Tris-HCl pH 7.4, 150 mM KAc, 2 mM MgAc, 1 mM EGTA, 10% (v/v) glycerol, 0.1 mM ATP, 1 mM DTT). The beads were resuspended in 2-5 mL TEV buffer containing 100 mL TEV protease (4mg/ml) and incubated on a roller overnight at 4 C. The cleaved protein was separated from the beads by collecting the flow-through of a gravity-flow column and concentrated to a volume of 150-250 mL using an Amicon Ultracel concentrator (Merck-Millipore) with a 100K molecular weight cut-off. TEV protease was removed by size-exclusion chromatography (SEC) using a TSKgel G4000SWXL column with a TSKgel SWXL guard column (TOSOH Bioscience) equilibrated in GF150 buffer (25 mM HEPES pH7.4, 150 mM KCl, 1mM MgCl2, 5 mM DTT, 0.1 mM ATP). Peak fractions were collected, pooled and concentrated to a concentration of 0.5 -3 mg/ml. If frozen, solutions were supplemented with glycerol to a final concentration of 10% (v/v) before snap freezing in liquid nitrogen and storage at À80 C. All purification and concentration steps were performed at 4 C.
BICD2N purification was performed as described above but with the following modifications. 1 mL of pre-equilibrated IgG Sepharose 6 FastFlow beads (GE Healthcare) were added to the cleared lysate of a 250 mL insect cell culture pellet. After washing and TEV cleavage, the protein solution was concentrated to 3 -6 mg/ml and 50 mL aliquots were snap frozen in in liquid nitrogen and stored at À80 C. TEV protease was removed from thawed aliquots by size size-exclusion chromatography as described above. Peak fractions were pooled and concentrated to 0.5 -6 mg/ml using an Amicon Ultracel concentrator (Merck-Millipore) with a 100K molecular weight cut-off and frozen as above.
Purification of dynactin
Large scale purification of endogenous dynactin from pig brains was carried out essentially as previously described . Fresh pig brains were obtained from the local butcher, Leech & Sons (Melbourne, UK) and placed in ice cold phosphate buffered saline (PBS) shortly after slaughter. Brains were washed twice in PBS and the brain stem and large blood vessels were removed. Each brain was then washed in homogenization buffer (HB) (35 mM PIPES-KOH pH 7.2, 1 mM MgSO4, 0.2 mM EGTA, 0.1 mM EDTA, 1 mM DTT), flattened and snap frozen in liquid nitrogen before being stored at À80 C. For each purification, three brains were broken up and added to 400 mL HB supplemented with 3 protease inhibitor tablets (Complete-EDTA Free, Roche Applied Science) and 1.6 mM PMSF (diluted from 200mM stock in dry ethanol). The brains were homogenized at room temperature in a Waring blender, using four 5 s pulses initially then 15 s pulses interspersed by 15 s waits. The temperature of the lysate remained below 4 C in this and subsequent steps. Once thawed completely, the lysate was cleared in a TLA16.250 rotor (Beckman Coulter) at 38000 rcf for 15 min and again in a Ti45 rotor (Beckman Coulter) at 235000 rcf for 50 min. The resulting supernatant was the filtered through Glass fiber (Sartorius) and 0.45 mm syringe filters (Elkay) before being loaded onto 300 mL of SP-Sepharose Fast Flow (GE Healthcare), packed in an XK 50/30 column (GE Healthcare) and equilibrated in buffer A (HB buffer with 0.1 mM Mg-ATP). Unbound sample was washed from the column with 4 column volumes (CV) of buffer A. The remaining proteins were fractionated in a two phase salt gradient: 0% to 25% buffer B (HB buffer with 0.1 mM Mg-ATP and 0.5 M KCl) in 3 CV and 25% to 100% buffer B in 1 CV. Fractions containing dynactin typically elute at 12% buffer B (20 mS/cm) and were initially identified by western blot with p150 Glued antibody (BD Transduction Laboratories). This $270 mL of eluate was loaded onto a MonoQ HR 16/10 column (GE Healthcare) equilibrated in 95% HB buffer and 5% buffer C (HB buffer and 1 M KCl) and then the column was washed with 10 CV 5% buffer C. A three phase linear gradient was used to elute dynactin from the column: 5% to 15% buffer C in 1 CV, 15% to 35% buffer C in 10 CV and then 35% to 100% buffer C in 1 CV. Dynactin containing fractions typically elute at 29% buffer C and were pooled and concentrated in an Amicon Ultracel concentrator (Merck-Millipore) with a 100K molecular weight cut-off to 1-2ml. Size-exclusion chromatography was then performed as described above. The resulting, dynactin containing fractions were pooled and concentrated to the desired concentration (0.5-1.5mg/ml for single molecule studies, 3-4mg/ml for dynein-dynactin-BICD2N complex assembly) before snap freezing in liquid nitrogen.
Flow chamber and microtubule preparation
Glass coverslips (22 3 22 mm, Thickness No. 1) were cleaned by 30 min sonication in 3M NaOH, thorough washing in dH 2 O, and then 30 min sonication in Piranha solution (60% (v/v) sulphuric acid + 40% (v/v) hydrogen peroxide). Clean slides were again washed in dH 2 0 and were stored in dH 2 0 for up to a week. Shortly before use, slides were air-dried with N 2 gas. Flow chambers were created by placing two strips of double-sided tape (tesa) parallel on a glass slide and placing a cleaned coverslip above, creating a channel around 15 mL in volume.
Biotinylated, Alexa 647-labeled microtubules (Cytoskeleton Inc.) were polymerized by mixing 1 mL Alexa-647 tubulin (2 mg/mL), 2 mL Biotinylated-tubulin (2 mg/mL) and 2 mL unlabeled tubulin (11 mg/mL) with 5 mL BRB80 (80mM PIPES pH6.9, 1mM MgCl2, 1mM EGTA), on ice. To this, 10 mL of 2X Polymerization buffer (20% DMSO, 2mM MgGTP in 1xBRB80) was added and incubated at 37 C for 45 min (final concentrations are 1 mM Alexa-647 tubulin, 2 mM Biotinylated tubulin, and 22 mM unlabeled tubulin). 100 mL BRB80 containing 10 mM Taxol (BRB80-T) (warmed to 37 C) was added to stabilize the microtubules, followed by centrifugation for 9 min at 16000 rcf on a benchtop centrifuge (room temperature). The microtubule pellet was resuspended in 100 mL BRB80-T (by gentle flicking to avoid MT severing) and spun again. The second pellet was resuspended in 50 mL BRB80-T and stored at room temperature, wrapped in foil, for up to a week.
TIRF microscopy of single dynein complexes
To assemble dynein-dynactin-BICD2N (DDB) complexes for single molecule assays, 1 mL of fully purified TMR labeled wild-type dynein (wtDyn) or phi-interface mutant dynein (mtDyn) at a concentration of 200nM was mixed with 2ul of dynactin and 1ul SNAPf-BICD2N to achieve a molar ratio of 1:2:2. After 15 -30 min incubation on ice, the complex was diluted to 10 mL in TIRF assay buffer (TAB) (25mM HEPES pH7.2, 5mM MgSO4, 1mM EGTA, 1mM DTT, 10 mM Paclitaxel).
Flow chambers were prepared by passivation with 15 mL of 1% (w/v) . This solution was washed through with 15 mL TAB, followed by 15 mL 0.5mg/mL PLL-PEG-Biotin (SuSoS AG), 15 mL TAB, 15 mL 1mg/mL Streptavidin (New England Biolabs) and 15 mL TAB. The required dilution of microtubule stock in BRB80-T was determined empirically on each day. The microtubule dilution was made fresh for each slide and was typically around 10-fold. The diluted microtubules were flowed into the chamber, incubated for 1-5 min and washed with 15 mL TAB then 30 mL TAB supplemented with 1.25 mg/mL a-casein (Sigma-Aldrich). The following reagent dilutions were made in TAB: 20 mM MgATP (100mM stock), 2.86M 2-mercaptoethanol, 9% Glucose (w/v) (45% w/v stock), Gloxy mix (30 mg/mL Glucose oxidase (Sigma-Aldrich), 4 mg/mL Catalase (Merck Millipore)). The motility mixture was made fresh for each slide by adding 1 mL of each of these reagents, 1 -2 mL diluted DDB complex or dynein alone and 15 mL TAB supplemented with 1.25 mg/mL a-casein and 25mM KCl (final concentrations). 15 mL of the motility mixture was flowed into the chamber and all imaging was completed within 5 min of its addition.
Imaging was performed at room temperature on a Nikon total internal fluorescence microscope, with a 100x objective lens (Nikon, 1.49 NA Oil, APO TIRF). Illumination was provided by a 150mW 561nm laser (Coherent Sapphire) and a 100mW 641nm laser (Coherent Cube). Movies were collected with 100ms frames and 25 ms delay (8fps) unless otherwise stated, using a backilluminated EMCCD camera (iXonEM+ DU-897E, Andor, UK) controlled with uManager software (http://micro-manager.org/wiki/ Micro-Manager).
Microtubule-gliding assays
Microtubules were polymerized as for single-molecule assays, except biotinylated-tubulin was omitted, and the final concentrations of Alexa-647 and unlabeled tubulin were 3uM and 11uM respectively. Unlabeled wtDyn and mtDyn was used fresh, diluted to a concentration of 200nM. 15uL of dynein was added to a flow chamber and incubated at 25 C for 2 min. 15uL TAB supplemented with 1.25mg/ml a-casein was then flowed through the chamber. The assay mixture was assembled by adding 1 mL polymerized microtubules, 1uL 100mM MgATP, 1uL 45% (w/v) glucose, 1uL Gloxy mix (150mg/ml Glucose oxidase, 20mg/mL Casein) to 100uL of TAB supplemented with 1.25mg/ml a-casein and 75mM KCl. 15uL of the assay mixture was flowed into the chamber. After 3 min the chamber was imaged. Imaging was performed with 20ms exposures taken at 3 s intervals, one pixel = 0.16 3 0.16mm.
DDB preparation for SEC and cryo-EM
To analyze the amount of DDB complex formation by size exclusion chromatography (SEC), 500 nM fully purified dynein, 1 mM pig dynactin and 4 mM SNAPf-BICD2N (dimer) were mixed in a volume of 80 mL and incubated on ice for 15 min before SEC was carried out as described above. The elution volume of each species was determined by running fractions corresponding to different peaks on SDS-PAGE (Novex 4%-12% Bis-Tris precast gels run in MOPS buffer -Life Technologies) stained with Instant Blue Stain (Expedeon) or SYPRO-Ruby (BioRad), according to manufacturer's instructions. The elution volume individual components (dynein, dynactin and BICD2N) was confirmed by separate SEC runs. Running the same gel in MES buffer allowed visualization of individual dynein light chains.
For preparation of DDB samples for electron microscopy, 270 nM dynein, 540 nM dynactin and 5 mM GFP-BICD2N were diluted to 100 mL in GF150 buffer and incubated on ice for 15 min. 10 mL of 0.1% (v/v) glutaraldehyde (Sigma-Aldrich), diluted in GF150 was added and incubated for a further 15 min. The cross-linking reaction was quenched by addition of 10 mL 1M Tris-HCl pH 7.4 before SEC. The DDB containing fractions (identified as above but using SYPRO Ruby Gel Stain (Bio-Rad)) were pooled and concentrated to a volume of 30 ml.
Negative stain EM of phi-dynein
For negative stain grid preparation, dynein samples were diluted to a concentration of $0.05 mg/ml in GF150 buffer. 400 mesh copper grids coated with a continuous carbon support layer (Agar scientific) were treated by plasma cleaning for 25 s using a 9:1 mixture of Ar and O 2 in a Fischione NanoClean (Model 1070). 3ul of the sample was applied to the grid and incubated for 1 min before 2% Uranyl acetate stain was added. For 2D analysis and initial model building of the phi-particle, 3000 micrographs were manually collected on 120kV FEI Spirit T12 microscope equipped with Gatan 2K 3 2K CCD (model 984), at a nominal magnification of 30,000X with the digital pixel size 3.3Å .
Grids were made and imaged in the same way for statistical analysis of motor domain orientation and analysis of the proportions of phi-and open-dynein in wtDyn and mtDyn preparations (details in Quantification and Statistical Analysis). When testing the effect of nucleotide addition on phi-particle formation, we prepared wtDyn as described above but omitted ATP from the GF150 buffer. The complex eluted from the SEC column in the same fraction as when run in GF150 with ATP. The sample was then pooled, concentrated and diluted to $0.05 mg/ml in GF150 with either no nucleotide or the desired nucleotide present (ATP, ATP.Vi, ADP and ADP.Vi were tested at 0.1mM and 0.5mM final concentration). Grids were made as above and quantification performed and described below.
For particle picking, single phi-particles were manually selected and low-pass filtered to 50Å , then used as a template to automatically select $500 particles from 10 micrographs using Gautomatch (developed by K.Z, http://www.mrc-lmb.cam.ac.uk/kzhang/ Gautomatch/). These particles were classified into 10 distinct 2D class averages in RELION-1.4 (Scheres, 2012) and then used as templates to pick all particles from 3000 negative stain micrographs in Gautomatch. Performing several cycles of 2D classification ensured that each class contained only relatively similar particles. All subsequent processing was performed in RELION-1.4 (Scheres, 2012) unless otherwise stated.
For 3D classification of the phi-particle, a map of dynactin was low pass filtered to 100Å and used as an initial model. This worked well because dynactin and the phi-particle share a thin, elongated shape of similar size. A 30Å reconstruction of phi-particle was generated after several iterative classifications. This map was then used as an initial model for 3D refinement and classification of the cryo-EM dataset.
Cryoelectron microscopy
In order to obtain a sufficient proportion of phi-particles on cryo-EM grids, freshly purified dynein in GF150, at a concentration of $0.15mg/ml, was used directly after SEC. Quantifoil R1.2/1.3 Au grids were prepared by coating with homemade thin carbon layers. These were made in an Edward carbon evaporator (Auto 306) on mica to a thickness of between $50 nm. Carbon-coated grids were plasma cleaned for 25 s using a 9:1 mixture of Ar and O 2 gas. 3 mL of the sample was incubated on the grid for 30 s and then blotted, using a Vitrobot IV (FEI), for 2-5 s at 100% humidity and 4 C. All grids were stored in liquid nitrogen dewars before loading to the electron microscope.
Screening of cryo-EM conditions was performed on a 120kV FEI Spirit T12 microscope. Initial datasets were collected on FEI 300kV Polara microscope with Falcon III detector. We obtained preliminary 2D class averages and confirmed the possibility of successful 3D reconstruction with these datasets. Due to the flexibility, heterogeneity and severe orientation preference of the phi-particle, large datasets were collected to obtain sufficient views with relative stable conformations. Despite the large size of full-length dynein, contrast was limited by its thin elongated shape and an additional carbon support which was required to prevent the complex from falling apart. We therefore only selected holes that allowed us to obtain both sufficient contrast and intact particles. Datasets were collected on FEI 300kV Titan Krios microscopes equipped with Falcon II or K2 summit detectors over 8 separate sessions. A summary of the imaging conditions of all the datasets are listed in Table S1 .
Structure of the dynein phi particle
To begin processing the cryo-EM dataset, all electron micrograph movies were aligned by Motioncorr (Li et al., 2013) . Only movies with relatively small and smooth movements for all frames were used for further analysis. Any movies with abnormal normalization or background, heavy contamination, thick ice, low contrast or large drift were discarded.
CTF parameters of the averaged movie frames from Motioncorr were automatically determined by Gctf (Zhang, 2016) . The equiphase averaging (EPA) method in Gctf was used to estimate the maximum information limit for each micrograph. Only micrographs which contained CTF information higher than 4Å were used in subsequent processing. We also only used micrographs with a defocus range of 1.5-5.0 mm for Falcon II datasets or 1.0-3.5 mm for K2 datasets.
Automatic particle picking was performed using Gautomatch, on phase-flipped micrographs generated by Gctf. The templates for picking were generated in RELION from 2D class averages of negative stain EM images of the phi particle. Gautomatch was run using a low threshold (0.1 cross-correlation) to pick as many particles as possible. The output is a list of particle coordinates with the associated cross-correlation coefficient. Micrographs from each dataset were then empirically split into 3-5 groups according to the contrast observed. The correlation cut-off parameter was refined for each group of micrographs to optimize particle selection. Selection of good particles was performed on output coordinates from Gautomatch using the script box_filter.com (http://www. mrc-lmb.cam.ac.uk/kzhang/useful_tools/scripts/). We then used RELION to extract the particles from the original micrographs rather than the phase-flipped images.
These selected particles were subsequently split into sub-datasets ($50,000 particles per sub-dataset, total particle numbers for each dataset are given in Table S1 ) for 2D analysis in RELION. Initial 2D classification of each sub-dataset into $20 classes could not sufficiently separate all of the distinct conformations and orientations of the phi-particle, due to its extreme flexibility. To improve the quality of the 2D averages, sub-classification was performed on each class that contained good averages. Sub-classification allowed us to further separate the smaller conformational changes within each major class. In addition to the initial 2D classification a subsequent 3-6 cycles of 2D sub-classification was required to remove most bad particles.
High quality particles were re-extracted from the original movies corrected by a composite weighting function. This process involved the following steps. Coordinates of good particles were passed to Gctf for accurate local CTF refinement (Zhang, 2016) . A smooth analytic function was fitted, by least-squares, to the discrete drifts estimated by Motioncorr for each movie frame. This smooth function estimates the physical drift in the movie more realistically because beam-induced or stage drift is assumed to be locally continuous. A composite weighting function for the Fourier coefficients of each original movie frame was estimated using the combination of smooth drift, radiation damage (Grant and Grigorieff, 2015) and CTF quality. The scripts used to generate this composite weighting function are under development and available on request (kzhang@mrc-lmb.cam.ac.uk) . The weighted and averaged particles were used for all subsequent processing. No further processing required the movie stacks.
3D classification and refinement of the full-length dynein led to a 15Å reconstruction. It was not possible to further improve the maps because of the continuous relative rotation between motor domain and tail. We therefore solved the structure of the motor domain and tail separately and used the 15Å map as a reference to assemble the two parts together. We re-centered and re-extracted particles so that they contained only the motor domain or tail region, using a box size of 400 for motor domains and 288 for the tail. We processed these datasets separately in the following 2D and 3D classification and refinement steps.
2D classification was performed to select high quality motor domains. Then, one cycle of automatic 3D refinement using C2 symmetry was performed to estimate the alignment parameters. These parameters were fixed during subsequent 3D classification to reduce the uncertainty and improve the classification. The particles in the major class were used for subsequent 3D refinement and this generated a map of the motor dimer at 3.8Å resolution. We also performed focused classification and refinement of a single motor domain to improve the density map of the stalk and MTBD. We used the motor monomer map to build a portion of the stalk that wasn't clearly resolved in the motor dimer map.
The tail was processed using similar strategy but more cycles of 2D and 3D classification were performed to remove low quality particles. Although we collected extensive data, the intrinsic flexibility of the tail prevented its reconstruction at near-atomic resolution. 3D classification worked best when 8 classes were used. The major flexibility in these classes came from the tail N terminus, neck and Robl light chain but was not limited to these regions. The N terminus shows a dominant twisted conformation in the major class (44%) and a second major class with parallel conformation (18%). The best class with a twisted N terminus reached a final resolution of 8.4Å and the parallel class reached 12.8Å .
Structure determination of the DDB complex DDB samples were prepared as described and diluted to a concentration of 0.15mg/ml before grids were made using the same conditions as for dynein alone.
Projections from a previous structure of the dynein tail bound to dynactin and BICD2N (TDB, EMD-2860) were used as templates to pick DDB particles using Gautomatch. 2D and 3D classification were performed after masking out the motor domains which are extremely flexible. We obtained an 8.7Å density map of the DDB which closely resembled the TDB structure but contains significant additional density for the HC and LIC.
In order to resolve the dynein tail within DDB further, we subtracted the density of dynactin from each particle (Bai et al., 2015) using the previously determined structure of dynactin (PDB: 5ADX) as a mask. Using the subtracted map for further 2D and 3D analysis significantly improved the density in the dynein tail region. We resolved the nearly complete tail in DDB to 12Å and can rigid body fit HC helix bundles (except bundle 9) into to the density map.
Model building and refinement A de novo model of the 3.8Å motor domains was manually built using COOT (Emsley et al., 2010) . The model was refined using REFMAC (Brown et al., 2015) . Statistics of the model building and refinement are summarized in Table S1 . Helical bundles 2-8 in the phi-dynein tail were manually built by fitting poly-alanine a helices into density using COOT. Helical bundle 1 and the N-terminal domain were obtained from a previous 5Å crystal structure (PDB: 5AFR) of the N terminus of the dynein tail and fit into density. A homology model of helical bundle 9 was built using the Phyre2 server (Kelley et al., 2015) . Homology models for the human dynein intermediate chain WD40 domain and human dynein light intermediate chain were also obtained from Phyre2. These models were fit into tail of phi-particle as rigid bodies using UCSF chimera (Pettersen et al., 2004) . A de novo model was manually built into the 3.8Å map of the phi-dynein motor domains using COOT (Emsley et al., 2010) . The model was refined using REFMAC (Brown et al., 2015) . Statistics of the model building and refinement are summarized in Table S1 . A model for the dynein tail was assembled using the 8.4Å map of the phi-dynein tail. Helical bundles 2-8 in the dynein tail were manually built by fitting poly-alanine a helices into density using COOT. Helical bundle 1 and the N-terminal domain were obtained from a previous 5Å crystal structure (PDB: 5AFR) of the N terminus of the dynein tail and fit into density. A homology model of helical bundle 9 was built using the Phyre2 server (Kelley et al., 2015) . Homology models for the human dynein intermediate chain WD40 domain (based on PDB: 1ERJ) and human dynein light intermediate chain (based on PDB: 4W7G) were also obtained from Phyre2. These models were fit into tail of phi-particle as rigid bodies using UCSF chimera (Pettersen et al., 2004) .
Helix bundles 1-4 in DDB were directly built into the 8.7 Å density map while dimerization domains of the HC, ICs and Robl were unambiguously fit into the density as rigid bodies. Helix bundles 5-8 and LICs were fit into the 12 Å density map as rigid bodies. The position of helix bundle 9 was estimated according to the position of bundle 8 and also the characteristic curvature of the neck region. This was further conformed from locally refined 2D averages.
Map visualization and analysis
The electron density maps and models were visualized in Chimera (Pettersen et al., 2004) and Pymol (http://www.pymol.org). Density maps were segmented within Chimera using the fitted homology models (ICs, LCs and LICs) or manually built helices (HCs). The interaction interfaces were analyzed in COOT (Emsley et al., 2010) . Figures and movies were made in Pymol and Chimera. Local resolution of the maps was analyzed by ResMap using confidence level (p value) of 0.05 and 0.5Å step size (Kucukelbir et al., 2014) . For most of the regions in tail, we used the 8.4Å map. But the density of the N terminus of HCs and LCs are not clearly visible if the map is automatically sharpened to 8.4Å using RELION post-processing. Therefore, the unsharpened map was used to locate and visualize those regions.
Live cell imaging with the ONIX system 48 hr before imaging, cells from a suspension at 2.10 6 cells/ml were seeded in a CellASIC ONIX switching plate for mammalian cells (Merck Millipore). 16 hr before imaging, cells were synchronized with 10mM RO-3306 (EMD-Millipore) in CO 2 independent media (GIBCO) supplemented with 10% FBS (GIBCO), 2mM L-Glutamine (PAN Biotech), Penicillin 100 U/ml and Streptomycin 0.1 mg/ml (PAN Biotech). Imaging was realized at 37 C with a DeltaVision imaging system (GE Healthcare) equipped with an sCMOS camera (PCO Edge 5.5) and using a 60 3 1.42 NA PlanApo-N objective (Olympus). For each time-point, 20 serial z sections of 0.75 mm with a binning of 4x4 were acquired. G2 synchronized cells were imaged before imaging media with 3.3 mM nocodazole and 10 mM RO-3306 was flowed into the CellASIC ONIX switching plate using a CellASIC ONIX Complete Perfusion System (Merck Millipore) with a flow rate of: 100 mL/hr. After 30 min nocodazole treatment, cells were imaged again before imaging media with 10 mM RO-3306 was flowed into the CellASIC ONIX switching plate with a flow rate of: 120 ml/hr. Upon nocodazole washout cells were imaged for 10 min.
QUANTIFICATION AND STATISTICAL ANALYSIS
Ratio of phi-and open-dynein
In order to determine the ratio of phi and open-dynein in wild-type dynein (wtDyn) and mutant dynein (mtDyn) both samples were treated exactly the same during expression, purification and preparation of negative stain grids, as described above. Micrographs were randomly collected in different squares of the negative stain grids. Three rounds of 2D classification on each dataset were performed to remove bad particles. The high quality particles for both dynein datasets were then sub-classified into 100 sub-classes. In total, 4793 particles for wtDyn and 11819 particles for mtDyn were used in the classification and following quantification. Particles in these sub-classes were then assigned to one of 3 sub-datasets corresponding to either phi, open or ambiguous conformations. Ambiguous conformations refer to those particles that could not be easily assigned to phi or open conformations. Additional 2D classification on these sub-datasets was performed to make sure each sub-dataset only contains phi, open or ambiguous conformations. Any misassigned particles were moved to the correct sub-dataset. Manual inspection of the particles within each class confirmed that the different conformations had been grouped correctly. Averaged particle numbers of each class were calculated on 25 randomly selected micrographs for both wtDyn and mtDyn. After selection, the micrographs were removed from the dataset in order to avoid repetitive selection. This process was repeated 9 times and the mean and SEM were calculated.
Distance between motor domains
The distance between motor domains in wtDyn or mtDyn was directly measured from the 2D averages of negative stain data for open dynein. For DDB-bound dynein, dynactin density was subtracted from the images for focused 2D classification as described above. 90248 particles of wtDyn and 29733 particles for mtDyn were classified into 100 2D classes and 10086 DDB particles into 50 2D classes. The coordinates of the centers of each motor domain in each class were manually recorded. These values were then used to calculate the distance between the two motor domains in each class. The distance measurements were split into groups with 2.5nm interval each. The number of particles was summed for each distance group to estimate the distance distribution.
Motor domain orientation
In order to clearly determine the orientation of individual motor domains, small masks were generated according to the mass center of each motor domain in each class for local 2D refinement. This allowed us to obtain much better density of individual motor domains such that their orientations could be determined. Most motor domain particles were successfully assigned into two major classes ('inverted' or 'parallel') based on their stalk and linker orientations. Motor domains that could not be resolved after focused classification were defined as in an ambiguous orientation. Total particle numbers for each of the three major classes were summed to estimate the distribution of motor orientations in both open dynein (wtDyn and mtDyn) and DDB datasets. We confirmed that the distribution of motor orientations was similar in negative stain and vitreous ice.
Dynein microtubule affinity and processivity All movie analysis was performed in FIJI (Schindelin et al., 2012) . For kinetic analysis of dynein binding, 5-10 microtubules from each slide were selected at random. Kymographs along each microtubule were generated, and the number and duration of binding events greater than 2 frames (0.25 s) long was counted manually. For quantification of the microtubule binding rate and dwell time of single dynein complexes, 3 movies were collected (3 repeats over two different days) at two dynein concentrations (0.29nM and 0.58nM). The microtubule binding rate was calculated as the average number of binding events per second, per micrometer of microtubule, per nM dynein for each microtubule. Dwell time data was plotted as a histogram, with the bin size corresponding to one frame, and was fit to a two-phase exponential decay model (R 2 > 0.99 for each fit). Dwell time was taken to be the fast-phase time constant of the fitted model (fast-phase was always in excess of 75% total weight. Each repeat was fit independently, and the six repeats each of wtDyn or mtDyn were averaged.
We used our microtubule binding rate to estimate K on and the reciprocal of the dwell time constant to give K off . We estimated microtubule affinity (K d ) for wtDyn and mtDyn by dividing the average K off by average K on . This value was then multiplied by 802, corresponding to the number of dynein binding sites along 1 mm of microtubule. This figure was calculated assuming microtubules contain 13-protofilaments, with a lattice repeat of 8.1nm, and half of binding sites being inaccessible due to steric blocking by surface immobilization agents.
For DDB processivity measurements, 5-10 microtubules from 3 repeat movies (over 2 days) were used for kymograph analysis. The number of processive events (events lasting longer than 0.625 s and with unidirectional displacement greater than 500nm) per unit time (s), microtubule length (mm) and dynein amount (2.6nM) was measured. Data handling was performed in GraphPad Prism.
Quantification of gliding assay velocities
Gliding assay velocities were calculated by manually tracking the leading edge of moving microtubules using the FIJI plugin MTrackJ. The average velocity for the track of each microtubule was used to calculate the average velocity for the entire population of microtubules recorded.
Protein concentration and labeling efficiency
Protein concentrations were measured using Quick Start Bradford dye (Bio-Rad) and an Ultrospec 2100 Pro spectrophotometer (Amersham). Labeling efficiency of TMR-tagged dynein was measured using a Nanodrop ND1000 Spectrophotometer. Protein concentration was measured with A 280 absorbance, and was used to calculate the dynein molarity using the extinction coefficient of 797340 M -1 cm -1 , corresponding to a monomer of the full snap-tagged dynein complex. The ratio of TMR dye concentration (calculated directly by the spectrophotometer) to dynein protein concentration showed that the monomeric labeling efficiency was always at least 85%, with no difference observed between wtDyn and mtDyn. This corresponds to a labeling efficiency of at least 97.8% in the dimer.
Quantification of SEC traces
Analytical SEC was performed to separate the components formed when dynein, dynactin and BICD2N were mixed at a ratio of 1:2:20. To quantify the proportion of protein in the dynein-dynacin-BICD2N complex, fractions containing all components were identified by SDS-PAGE followed by SYPRO-Ruby staining as described above. The data from traces were plotted in GraphPad Prism and normalized to the baseline A280 reading at 5mL. The section of the trace corresponding to the DDB was extracted and the area under the curve (AUC) was calculated in GraphPad Prism. The DDB:total-protein ratio was calculated by dividing this by the AUC of the whole trace. This was repeated four times using three different preparations of the components. Statistical significance was determined by an unpaired, two-tailed t test.
Immunofluorescence data quantification
To quantify the GFP (Dynein) intensity at centrosomes, images of G2 cells with well-separated centrosomes (as visualized by PCNT staining) were acquired (at least 14 cells per condition and per experiment, N = 3 experiments, n > 87 centrosomes per condition). A SUM projection (16-bit in TIFF format) of the 11 slices surrounding each centrosome was created in FIJI and used for quantification. GFP fluorescence intensity at the centrosome was measured in a 12x12 pixels ROI centered on the centrosome (as visualized by PCNT staining). GFP cytoplasmic background was defined as the average fluorescence intensity measured from 3 ROIs (12x12 pixels) placed in the cytoplasm and subtracted from the GFP fluorescence intensity at centrosome.
To quantify the GFP-Dynein and p150 Glued intensities at spindle poles, images of whole metaphase cells were acquired (at least 19 cells per condition and per experiment, N = 3 experiments, n > 120 spindle poles per condition). A SUM projection (16-bit in TIFF format) of the 11 slices surrounding each spindle pole was created in FIJI, and used for quantification. GFP and p150 Glued fluorescence intensities were measured in a unique region of interest (ROI) of 12x12 pixels placed at the spindle pole, and were divided by the corresponding cytoplasmic background, as defined by the median fluorescence intensity from 3 ROIs (12x12 pixels) placed in the cytoplasm.
GFP and p150 Glued intensity data were analyzed using the R software. For each experiment, datasets were assessed for normality and homogeneity of the variances using a Shapiro-Wilk and a Bartlett tests, respectively. In all analyzed datasets, either normality or homogeneity of the variances was not reached and the datasets were analyzed using non-parametrical statistics. For a given variable, the presence of a difference between the different conditions was first assessed within each experiment using a Kruskall Wallis test. All conditions from an experiment were then further compared with paired Wilcoxon test. The displayed p values are the highest observed in 3 independent experiments.
Live cell data quantification
To quantify the GFP-DHC intensity recovery at microtubule dependent foci, 10 cells per condition were filmed with a 30 s time resolution over 10 min after nocodazole washout. For each time point, a MAX intensity z-projection (16-bit in TIFF format) was created using the hyperstack function of FIJI and used for quantification. The last time point of each movie ($600 s) was used to center 3x3 pixels ROIs onto GFP foci that were identified as microtubule dependent (i.e., gradually appearing after nocodazole washout). The foci were tracked back in earlier time points and the corresponding ROIs were moved to follow the foci. When a focus disappeared the corresponding ROI was left unmoved for the previous time points. GFP fluorescence intensity at microtubule dependent foci was
